Moreno KX, Sabelhaus SM, Merritt ME, Sherry AD, Malloy CR. Competition of pyruvate with physiological substrates for oxidation by the heart: implications for studies with hyperpolarized [1-13 C]pyruvate. Am J Physiol Heart Circ Physiol 298: H1556 -H1564, 2010. First published March 5, 2010; doi:10.1152/ajpheart.00656.2009.-Carbon 13 nuclear magnetic resonance (NMR) isotopomer analysis was used to measure the rates of oxidation of long-chain fatty acids, ketones, and pyruvate to determine the minimum pyruvate concentration ([pyruvate]) needed to suppress oxidation of these alternative substrates. Substrate mixtures were chosen to represent either the fed or fasted state. At physiological [pyruvate], fatty acids and ketones supplied the overwhelming majority of acetyl-CoA. Under conditions mimicking the fed state, 3 mM pyruvate provided ϳ80% of acetylCoA, but under fasting conditions 6 mM pyruvate contributed only 33% of acetyl-CoA. Higher [pyruvate], 10 -25 mM, was associated with transient reduced cardiac output, but overall hemodynamic performance was unchanged after equilibration. These observations suggested that 3-6 mM pyruvate in the coronary arteries would be an appropriate target for studies with hyperpolarized [1-
FLUXES IN BIOCHEMICAL PATHWAYS are abnormal in many forms of heart disease. Metabolism in specific pathways, however, is difficult to measure with confidence in vivo by positron emission computed tomography (PET) or single photon emission computed tomography (SPECT) because the chemical fate of the tracer is not detected. Consequently, there is intense interest in the demonstration by Golman and colleagues (14, 15 ) that chemical information is retained in 13 C images of the heart after injection of hyperpolarized (HP) [1- 13 C]pyruvate. Pyruvate is particularly attractive because products of its metabolism such as lactate and alanine provide information about enzyme activity in the cytosol, and the appearance of 13 CO 2 or H 13 CO 3 Ϫ is due to flux through a single mitochondrial enzyme, pyruvate dehydrogenase (PDH) (31) . The ability to monitor 13 CO 2 and H 13 CO 3 Ϫ production is an important goal because the ratio 13 CO 2 /H 13 CO 3 Ϫ is a direct measure of pH (12) , and the ratio H 13 CO 3 Ϫ /[1-13 C]lactate may be an index of myocardial recovery after ischemia (32) . However, studies of 13 CO 2 appearance in the heart have been limited to isolated tissues where substrate concentrations do not mimic the physiological situation. In vivo, the heart is exposed to a complex mixture of compounds, including long-chain fatty acids, lactate, pyruvate, ketones, and glucose, and the myocardium readily switches among these energy sources (53) . Furthermore, the concentration of each compound varies considerably as a consequence of disease and nutritional state. Depending on their concentration and other factors, any one of these molecules could suppress metabolism of HP [1- 13 C]pyruvate. Translation of 13 C hyperpolarization technology for physiological studies and clinical applications will require understanding the influence of circulating substrates on metabolism of injected HP pyruvate and specifically the minimum concentration of pyruvate necessary to overcome oxidation of competing substrates. At steady state, the rate of 13 CO 2 production is calculated as the rate of acetyl-CoA production ϫ the fractional contribution of [1- 13 C]pyruvate to acetyl-CoA. Because the rate of acetyl-CoA production and consumption by the myocardium under baseline conditions is relatively constant, this relationship simply means that, other factors being equal, the appearance of 13 CO 2 or H 13 CO 3 Ϫ in the heart is proportional to the fractional contribution of pyruvate to acetyl-CoA. Although pyruvate carboxylation is known to occur within the heart, this contribution to overall TCA flux is small and is not affected by changes in pyruvate concentration ([pyruvate]) (8, 38, 39) .
The objective of this study was to take advantage of this convenient relationship to determine the minimum concentration of 13 C-enriched pyruvate required to compete effectively with physiological substrates for production of 13 CO 2 or, equivalently, acetyl-CoA. Intravenously administered pyruvate has been extensively examined as a therapeutic intervention for cardiac (17, 18, 35) , neurological (10, 33) , and acid-base disorders (28, 42) . In these studies, the typical plasma concentration was 2-6 mM. In human subjects with congestive heart failure, [pyruvate] up to 6 mM in the coronary arteries was safe (17, 18) , but adverse effects of pyruvate such as arrhythmias and fluctuations in blood pressure were reported at 9 mM pyruvate in dogs (24) . The maximum efficacy of pyruvate in postischemic guinea pig hearts was 5-10 mM (5) perhaps suggesting that pyruvate metabolism cannot be further stimulated at higher concentrations. In the current study, the con-centration range selected for detailed studies of pyruvate oxidation, 0.1-6 mM, was chosen based on a safe range described in these literature reports.
In this study, hearts were exposed to mixtures of ketones, long-chain fatty acids, lactate, pyruvate, and glucose. Although the isolated heart does not duplicate all features of the environment in vivo, it allows precise control of the concentration of each substrate as well as full hemodynamic monitoring, including cardiac output during changes in substrate concentrations. The concentration of each substrate was chosen to mimic plasma concentrations of these substrates in either the fed or fasted state (20) because fasting is common among patients, and increases in the concentration of fatty acids and ketones frequently occur among patients with diabetes or with heart disease. Although our fasting conditions do not completely model the complicated events of fasting, we are studying one component: how plasma substrate concentration will affect pyruvate utilization. Under conditions mimicking the fed state, 3 mM pyruvate was sufficient to produce ϳ80% of the acetyl-CoA. At substrate concentrations present in fasting, pyruvate at 6 mM was oxidized at a significantly higher rate than at baseline, but oxidation of fats and ketones still provided the majority of acetyl-CoA. The hemodynamic effects of higher concentrations of pyruvate were also examined. Although transiently reduced cardiac output was observed at [pyruvate] Ͼ10 mM, hearts quickly recovered normal O 2 consumption and function even at 25 mM pyruvate. Based on these studies, a target [pyruvate] for cardiac studies is ϳ3-6 mM in the coronary arteries.
METHODS

Materials. [3-
13 C]sodium pyruvate (99% enriched) was purchased from Isotec Laboratories. U-13 C long-chain fatty acids, [1-13 C]sodium pyruvate, and [1,3- 13 C2]ethylacetoacetate (99% enriched) were purchased from Cambridge Isotope Laboratories (Andover, MA). The trityl radical tris [8- 
-yl]methyl sodium salt was purchased from Oxford Molecular Biotools (Abingdon, Oxfordshire, UK). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) at the highest quality available. BSA was fatty acid free and was purchased in the anhydrous form. Male Sprague-Dawley rats (260 -330 g) were obtained from Charles River Laboratories (Wilmington, MA) and given free access to standard rat chow and water until the day of death. The studies were performed under a protocol approved by the University of Texas Southwestern Medical Center Animal Care and Use Committee.
Working heart preparation. Hearts were rapidly excised from rats under general anesthesia. The aorta was immediately cannulated for retrograde Langendorff perfusion at 100 cm of hydrostatic pressure and later converted to a working preparation as described below. The initial perfusate was a modified Krebs-Henseleit medium maintained at 37°C that contained (in mM): 25 NaHCO 3, 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 10 glucose, and 1.25 CaCl2. The buffer was saturated with a 95:5 mixture of O2-CO2. Polyethylene tubing attached to a pressure transducer was inserted in the left ventricle through the mitral valve. This enabled the continuous measurement of left ventricular developed pressure and heart rate throughout the experiment. Myocardial O 2 consumption (MV O2) was calculated from the difference in O2 tension (measured with a blood gas analyzer) between the perfusion medium in the arterial supply line and the coronary effluent, which was collected via a cannula placed in the pulmonary artery. Coronary flow and aortic output were measured using a stopwatch and a graduated cylinder. After ϳ5-10 min of perfusion in the Langendorff mode, the hearts were switched to a working mode at a left atrial pressure of 15 cmH 2O and supplied with a buffered medium containing the same mixture of electrolytes but with one of the following mixtures of oxidizable substrates. The "fed" mixture contained glucose (10 mM, unlabeled), lactate (1.2 mM, unlabeled), pyruvate (0.12 mM, unlabeled), [1,3- 13 C2]acetoacetate (0.17 mM), long-chain fatty acids [total 0.4 mM, a mixture of palmitate, palmitoleic, stearic, oleate, and linoleic in physiological concentrations, all U-13 C (see Refs. 19 and 20 for details)], and 3% BSA. The "fasted" mixture contained glucose (4.9 mM, unlabeled), lactate (0.89 mM, unlabeled), pyruvate (0.08 mM, unlabeled), [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C2]acetoacetate (1.2 mM), long-chain fatty acids (total 0.85 mM, a mixture of palmitate, palmitoleic, stearic, oleate, and linoleic in physiological concentrations, all U-13 C), and 3% BSA. These substrate concentrations duplicate the plasma concentrations in a fed or fasted rat. In all experiments, the medium was oxygenated with a thin-film multibulb oxygenator, filtered, and recirculated (34) .
Six groups of hearts (n ϭ 3-5 in each group) were studied. Each group was exposed to a different concentration of [3- 13 C]pyruvate, in addition to the other substrates described above: group 1, fed mixture plus 0.12 mM [3- 13 13 C]pyruvate. The lower concentrations of pyruvate were not studied with the fasted mixture because ketones and long-chain fatty acids are already known to be the dominant energy source at low concentrations of pyruvate (20) .
The hearts were perfused for 15 min with the fed or fasted medium without [3- 13 C]pyruvate. After collection of baseline hemodynamic data and O2 consumption, an appropriate amount of 500 mM [3- 13 C]pyruvate was added at a rate of 0.04 ml/s to the left atrial reservoir. The hearts were perfused for an additional 40 min. O2 consumption and hemodynamics were measured every 15 min. At the end of the perfusion period, the heart was freeze-clamped using aluminum tongs precooled in liquid N2 (LN2). A small portion of the frozen tissue was used for determination of the wet-to-dry ratio by weighing the tissue before and after slow oven drying. The remainder of the frozen tissue was pulverized into a fine powder under LN2, extracted with 6% perchloric acid, centrifuged at 15,000 g for 15 min at 4°C, neutralized with KOH, and centrifuged a second time. The supernatant was freeze-dried, and the lyophilized heart extract was dissolved in 0.60 ml of 2 H2O and pH corrected to 7.1 for nuclear magnetic resonance (NMR) analysis.
In a separate set of experiments, working hearts were studied as described above using the fed mixture of substrates except that the substrates were not 13 C enriched. In these experiments, hearts were exposed to graded concentrations of pyruvate (10, 15, and 25 mM). One group of hearts was exposed to 25 mM NaCl in addition to the normal concentration of 143 mM sodium to observe the effect of excess sodium from the pyruvate salt on the heart. The hearts were perfused for 15 min before the slow addition, 0.04 ml/s, of 2.5 M unlabeled pyruvate. The hearts were perfused for an additional 40 min. O2 consumption and hemodynamics were measured every 15 min. At the end of the perfusion period, the heart was freeze-clamped using aluminum tongs precooled in LN2. A small portion of the frozen tissue was used for determination of the wet-to-dry ratio by weighing the tissue before and after slow oven drying.
HP 13 C NMR spectroscopy of the isolated heart. Hearts were rapidly excised from rats under general anesthesia and perfused retrograde through the aorta at 37°C and 100 cmH2O using standard Langendorff methods. Heart rate and developed pressure were monitored through a catheter in the left ventricle. The heart was supplied with a nonrecirculating medium and placed in a 20-mm NMR tube. The perfusing medium was a modified Krebs-Henseleit buffer containing the electrolytes described above plus 10 mM glucose and bubbled continuously with a 95:5 mixture of O2-CO2. The waterjacketed glass perfusion apparatus was placed in the bore of a Varian Inova 9.4 T magnet. During a preparation and stabilization time of ϳ20 min, the NMR probe was tuned, and the field homogeneity was optimized using the 23 Na free induction decay (FID). A line width of 15 Hz was typically obtained. Shimming on 23 Na approximates the 13 C frequency and shimmed volume, whereas the short spin-spin relaxation time (T 2) values of 23 Na allow for quicker pulsing. After stable mechanical performance was established, the perfusate was switched to the fed mixture described above (long-chain fatty acids bound to albumin, lactate, pyruvate, ketones, and glucose, all not 13 C enriched), filtered through a 5-m pore cellulose acetate filter, and recirculated. 13 C NMR spectra were acquired at 100 MHz in a 20-mm Varian broadband probe using 66°pulses. The first FIDs were acquired a few seconds before injection of the HP solution, described below. Serial, single FIDs were acquired with 16 K complex data points over a Ϯ 21,000 Hz bandwidth with proton decoupling using GARP (47) . Acquisition time was ϳ1 s, giving a time to repeat of 1 s for each scan. Typically 20 -30 separate FIDs were collected. These data were zero-filled before Fourier transformation. The relative peak areas were measured by integration using the VNMR software.
Hyperpolarization and delivery of 13 C-enriched pyruvate to hearts. The polarization process was started ϳ90 min before each experiment. The details have been described previously (31, 32) . Briefly, ϳ20 l of 1.5 M [1-
13 C]pyruvate and 16.6 mM trityl radical prepared in 50:50 glycerol-deionized H2O was polarized using a HyperSense instrument (Oxford Instruments Molecular Biotools, Abingdon, UK). ϳ90 min of microwave irradiation at 1.4 K typically yielded ϳ15% polarization. The polarization of 15% was measured by separate dissolution experiments in the liquid state. The SD of these measurements is ϳ1% on a day-to-day basis. The frozen, polarized sample was rapidly thawed by dissolution in 4 ml of hot water (ϳ180°C) containing 0.85 mM Na2EDTA. The resulting solution (3 ml) was further diluted in 20 ml of perfusing medium containing BSA, long-chain fatty acids, etc., as described above (all substrates not 13 C enriched) to achieve a final concentration of 3 mM HP [1-
13 C]pyruvate. The total time required for dissolution, ejection, and further dilution was ϳ10 s. The solution was injected gently and continuously by catheter in the perfusion column directly above the heart at a rate of ϳ0.3 ml/s. The temperature of all solutions entering the heart was 37°C, and the pH was 7.3-7.4. The NMR console was triggered to start acquisition at the end of the dissolution process. To inject a 20 mM HP [1- 13 C]pyruvate solution to the heart, 100 l of the [1-
13 C]pyruvate/trityl radical solution was polarized. Following dissolution with hot (ϳ180°C) 0.85 mM Na2EDTA (aqueous) solution, 3 ml of the resulting solution were diluted with 3 ml of the perfusion medium described above and gently injected to the heart at a rate of ϳ0.3 ml/s.
13 C NMR spectroscopy of solutions. Proton-decoupled 13 C spectra of heart extracts at 25°C were acquired at 150 MHz on a Varian VNMRS spectrometer (Varian Instruments, Palo Alto, CA) using a 5-mm broadband NMR probe, a 45°observe pulse, and a 3-s delay between pulses. Broadband proton decoupling was achieved using WALTZ (48) . Relative peak areas for each multiplet component were determined by deconvolution using ACDLabs SpecManager (Advanced Chemistry Development, Toronto, Canada). Substrate 13 C fractional enrichments and 13 C multiplet data were used in a metabolic model (tcaCALC) to measure the relative rates of oxidation of each substrate, and anaplerosis (29) . To measure the effects of albumin on 13 C relaxation times, [1-13 C]pyruvate (2.5 mM in PBS ϩ D2O for a lock) was added to eight different concentrations of BSA (0 -3%) with and without long-chain physiological fatty acids at a fixed ratio of 0.4 mM fatty acids/3% BSA. 13 C spin-lattice relaxation times (T1) were measured at 150 MHz using standard inversionrecovery methods at 37°C.
Statistical analysis. Data are presented as means Ϯ 1 SD. Twotailed t-tests were performed assuming unequal variance using Microsoft Excel for Figs. 4 and 5, A and C. For Fig. 3 , the pyruvate, fatty acid, ketone body oxidation, and PDH flux, response to increased
[pyruvate] was assessed with one-way ANOVA followed by Dunnett's procedure for comparing 1, 3, and 6 mM [pyruvate] with the 0.1 concentration while adjusting for multiple testing. For Fig. 5B , the developed pressure was compared using a mixed-model repeatedmeasures analysis that included concentration and pre vs. post comparisons in the model. Within each concentration, pre vs. post changes were made with least-squared means contrasts that were derived from the mixed model and adjusted for multiple testing using the Bonferroni-Holm method. Statistical analyses for Figs. 3 and 5B were performed with SAS version 9.2 (SAS Institute, Cary, NC).
RESULTS
Pyruvate oxidation in the fed vs. fasted substrate mixtures.
The glutamate multiplets observed in 13 C NMR spectra were used to determine the labeling pattern of acetyl-CoA entering the TCA cycle (26 -30, 50) . A typical spectrum of a heart extract is shown in Fig. 1 , with the insets displaying the 13 C-13 C spin-spin coupling in glutamate. In the glutamate carbon-4 resonance (Fig. 2) , the quartet (Q, due to glutamate labeled in positions 3, 4, and 5) and the doublet D45 (due to glutamate labeled in positions 4 and 5 but not 3) are due to oxidation of U-13 C long-chain fatty acids, whereas the doublet, D34, and the singlet, S, are due to oxidation of [3- 13 C]pyruvate. The effects of graded concentrations of [3- 13 C]pyruvate on the glutamate spectrum are shown in Fig. 2 . Because the ratio of long-chain fatty acid oxidation relative to pyruvate oxidation is simply the ratio of multiple areas (Q ϩ D45)/(S ϩ D34) (50), it is evident that, at physiological [pyruvate], fatty acids overwhelm pyruvate as an energy source. At higher [pyruvate], the situation is reversed: pyruvate is by far the preferred substrate for oxidation.
When perfused with the fed buffer, the fraction of acetylCoA from pyruvate, ketones, and fatty acids, determined from a full isotopomer analysis (29, 30) , are shown in Fig. 3A , and the effect of increasing [pyruvate] on flux through PDH determined using 13 C isotopomer analysis and MV O 2 is shown in Fig. 3B . At a physiological concentration of pyruvate, 0.12 mM, ϳ50% of the heart's energy is supplied by fatty acids, ϳ20% from ketones, and the remainder from lactate, pyruvate, glucose, and stored sources. At 1 mM [pyruvate] (ϳ10ϫ physiological), both fatty acid and ketone oxidation were reduced and pyruvate oxidation increased to supply ϳ45% of acetyl-CoA. At 3 mM pyruvate and 6 mM pyruvate, the contribution of fatty acids and ketones to acetyl-CoA was small, and pyruvate provided ϳ80% of acetyl-CoA. Anaplerosis relative to TCA cycle flux was ϳ8 -10% for all concentrations of pyruvate.
The sources of energy in the heart were quite different when exposed to the fasted substrate mixtures (Fig. 4) . At 3 mM pyruvate under fasted conditions, ketones supplied most of the acetyl-CoA, ϳ65%, and fatty acids and pyruvate supplied ϳ23% and ϳ7%, respectively. Doubling the concentration of pyruvate to 6 mM inhibited fatty acid and ketone oxidation somewhat, but ketones remained the preferred substrate for production of acetyl-CoA even at 6 mM pyruvate (Fig. 4) . Flux through PDH when pyruvate was present at 6 mM in the fasted mixture was roughly equal to PDH flux at 1 mM pyruvate in the fed mixture.
Effect of graded [pyruvate] on cardiac function. The effects of adding high concentrations of pyruvate to the perfusing medium (6, 10, 15, or 25 mM) in the presence of a fed mixture of fatty acids, ketones, lactate, and glucose is shown in Fig. 5 . There was no effect of pyruvate in this concentration range on heart rate (Fig. 5, top) , developed pressure (Fig. 5, middle) , or MV O 2 (Fig. 5, bottom) when measured 10 -15 min after administration of pyruvate. However, at [pyruvate] Ͼ10 mM, there was a variable decrease in aortic flow during the first 2-3 min after exposure to pyruvate without a change in developed pressure or heart rate (data not shown). All hearts recovered baseline function within 5 min. Hearts exposed to 25 mM NaCl did not show any variation in heart rate, developed pressure, or MV O 2 (data not shown).
13 C NMR spectra of the isolated heart. 13 C NMR spectra of the isolated rat heart collected after injection of HP [1- 13 C]pyruvate are shown in Fig. 6 . In the presence of fatty acid-free BSA and no other substrates, only a very small signal from HP [1- 13 C]pyruvate could be detected after administration of 3 mM HP [1-
13 C]pyruvate (Fig. 6A ). In the presence of ketones and long-chain fatty acids bound to albumin, HP [ (Fig. 6B) . Because the concentrations of pyruvate and BSA are the same in Fig. 6, A and B, the differences between the spectra must be because of an effect of fatty acids or ketones on pyruvate metabolism, an interaction among substrates and BSA to reduce polarization of HP [1- 13 C]pyruvate, or some combination of the two. The effect of a higher concentration of HP [1- 13 C]pyruvate in the presence of BSA but no other substrates was tested, and the results are shown in Fig. 6C . A product of oxidation of HP [1- 13 C]pyruvate, HP H 13 CO 3 Ϫ , can be detected at ϳ161 ppm. However, in the presence of competing substrates, fatty acids and ketones, this HP H 13 CO 3 Ϫ signal disappears as would be expected if fatty acids or ketones are being oxidized (Fig. 6D) (Fig. 6, A and C) . In all studies, the HP signals were lost in the presence of albumin within ϳ30 s, and the overall signal to noise was attenuated compared with previous studies (31, 32) .
Together, these experiments demonstrate that, in the presence of albumin, there is a complex interaction among alternative physiological substrates (ketones and fatty acids) and the 13 C NMR spectrum of HP pyruvate and its metabolic products. Based on the spectrum in Fig. 6D , it appears that HP [1- 13 C]pyruvate is not being oxidized since the HP H 13 CO 3 Ϫ signal could not be detected. Common illnesses and brief fasting cause variation of plasma ketones and fatty acids, as wells as plasma albumin, and for this reason the effective concentration of pyruvate for 13 C cardiac imaging will be sensitive to the condition of the subject. In principle, sufficiently high concentrations of pyruvate in the coronary arteries should overcome competing substrates, but high concentrations of pyruvate may have adverse effects (24, 25) .
Effect of albumin on the longitudinal relaxation time of [1-
13 C]pyruvate. The T 1 of carbon-1 of pyruvate was ϳ44 s at 2. (Fig. 7) . At 3% albumin, the T 1 of pyruvate carbon-1 was 25 Ϯ 2 s. In the presence of fatty acid-free albumin, the T 1 of pyruvate carbon-1 was further reduced to ϳ10 s at 3% [albumin]. Numerous small molecules competitively bind albumin, and these 1 H-decoupled 13 C nuclear magnetic resonance (NMR) spectrum of a heart extract. The working heart was supplied with a mixture of 13 C-enriched long-chain fatty acids, ketones, lactate, pyruvate, and glucose in concentrations typical of a fed, rested animal. The multiplets of glutamate carbons 1-5, shown as insets, are the result of 13 C-13 C spin-spin coupling and reflect the relative rates of oxidation of these substrates. Ala, alanine; ␤HB, ␤-hydroxybutyrate; Lac, lactate; Ac, acetate; Suc, succinate; Asp, aspartate; Mal, malate; Cit, citrate; D, doublet; Q, quartet; S, singlet; T, triplet. studies with fatty acid-free albumin or with albumin bound to fatty acids do not duplicate conditions in vivo. Therefore, plasma was prepared from fed rats pretreated with heparin. The T 1 of carbon-1 of [1-
13 C]pyruvate, 25 mM, in rat plasma was ϳ38 s at 37°C and 150 MHz. [Pyr]) on the carbon-4 resonance of glutamate. These 13 C spectra were acquired from hearts exposed to the "fed" mixture of substrates at graded [pyruvate], 0.12 mM (bottom) or 1.0, 3.0, and 6 mM (top). The fraction of acetyl-CoA derived from pyruvate relative to the fraction from long-chain fatty acids is indicated by the ratio (S ϩ D34)/(Q ϩ D45). At 3 mM pyruvate, the oxidation of long-chain fatty acids is inhibited. F, resonances arising from oxidation of 13 C-enriched long-chain fatty acids; P, resonances arising from oxidation of 13 C-enriched pyruvate, Q, quartet due to J45 and J34 coupling; D34, doublet due to J34 coupling; D45, doublet due to J45; S, singlet due to glutamate with 13 C in position 4 but not position 3 or 5. J is standard notation for the spin-spin coupling constant. [pyruvate] ϭ 0.12 mM. $P Ͻ 0.05 for fatty acids and ketone bodies vs. respective 0.12 mM data point. Fig. 4 . Effect of 6 mM pyruvate on the contribution of ketones (KB), long-chain fatty acids (FA), and pyruvate (Pyr) to acetyl-CoA. Hearts exposed to the fed mixture derived ϳ80% of acetyl-CoA from 6 mM pyruvate (open bar); the contribution of ketones (gray bar) or fatty acids (solid bar) was negligible. However, hearts exposed to the "fasted" mixture preferentially oxidized ketones. Pyruvate contributed only 33% of the acetyl-CoA. Data are means Ϯ SD. *P Ͻ 0.05 vs. respective Pyr.
DISCUSSION
In the presence of long-chain fatty acids bound to albumin plus other substrates in physiological concentrations and under steady-state conditions, the contribution of pyruvate to acetylCoA and therefore to CO 2 and bicarbonate is very sensitive to the concentration of pyruvate. At 3 mM pyruvate, ϳ80% of acetyl-CoA was derived from pyruvate under conditions mimicking the fed state. In the presence of competing substrates mimicking the fasted state, only ϳ33% of acetyl-CoA was derived from pyruvate even at 6 mM. These results are consistent with the known regulation of flux through PDH by both end-product inhibition and phosphorylation-dephosphorylation. PDH kinase phosphorylates PDH, thereby inactivating the enzyme, and, since pyruvate inhibits PDH kinase (9, 21, 40, 44) , the presence of pyruvate would be expected to stimulate pyruvate oxidation. Earlier reports have shown that oxidation of pyruvate is suppressed by fatty acids and ketones and that the effects of fatty acids on pyruvate oxidation are overcome by increasing [pyruvate] (2, 4, 7, 8, 11, 20, 21, 23, 24, 36, 39, Fig. 5 . Influence of [pyruvate] on hemodynamic performance of the isolated working heart. "Pre" and "Post" refer to measurements immediately before and 5 min after switching to 6, 10, 15, or 25 mM pyruvate, respectively. Within the 1st min of switchover, there was a variable decrease in developed pressure that recovered quickly. Heart rate, developed pressure, and O2 consumption were not altered substantially by exposure to graded [pyruvate] . Data are means Ϯ SD. All pre vs. post data sets were not significantly different from each other for heart rate and myocardial O2 consumption (MV O2). Developed pressure decreased significantly with all concentrations included in the repeated-measures model (pre vs. post difference 13.3 mmHg, 95% confidence interval, 8.8 -17.9 mmHg, P Ͻ 0.0001). However, no significant pre vs. post differences were observed within any concentration, analyzed with Bonferroni-Holm adjusted multiple comparisons. 13 C]pyruvate. ࡗ, Fatty acids present; , no fatty acids present. When fatty acids were not present, T1 times were not able to be determined at [albumin] Ͼ2%. The two data sets were significantly different from each other at [albumin] Ն0.5%. 43, 49, 54, 55) . However, competition between pyruvate and physiological mixtures of competing substrates for oxidation in the heart during graded changes in [pyruvate] has not been carefully examined previously.
The current results demonstrate that, even at 1 mM, pyruvate begins to suppress oxidation of both fatty acid and ketones. At or above 3 mM, pyruvate is the dominant oxidative fuel for the heart when the competing substrates are typical of the fed state. These findings confirm those of Schroeder et al. (45) , which showed H 13 CO 3 Ϫ production leveling off with an infusion of HP [1- 13 C]pyruvate in a rat heart between 40 and 80 mM. The authors calculated that an 80 mM pyruvate infusion equated a 5.3 mM myocardial [pyruvate] based on a 10-s infusion time and 15 ml of blood passing through the heart. Drake et al. (11) and Laughlin et al. (24) have shown similar findings that increased lactate concentration or [pyruvate] can be the preferred substrate for the heart over fatty acids or glucose. However, the effect of 6 mM pyruvate on ketone and fatty acid oxidation is blunted under conditions mimicking the fasting state, which is similar to in vivo results obtained by Schroeder et al. (46) . The authors report an ϳ74% decrease in H 13 CO 3 Ϫ production in fasted animals following an 80 mM HP [1-13 C]pyruvate injection (46) . Similarly, the current studies show an ϳ60% reduction in the utilization of pyruvate in isolated rat hearts perfused under fasted conditions. These results relate well to studies by Olson (37) and Bassenge et al. (3) that showed elevated ketone body concentration during fasting will suppress carbohydrate utilization in the heart. This concentration of pyruvate, 6 mM, is at the upper limit of steady-state plasma [pyruvate] used in many previous studies (10, 16 -18, 22, 24, 45, 56) .
The isolated heart preparation is well suited to studies of substrate competition because all concentrations can be precisely controlled. Furthermore, the general features of substrate utilization measured in the isolated heart match results in vivo. For example, long-chain fatty acids are preferred over carbohydrates in vivo and in isolated hearts (2, 4, 43, 51) . Ketone bodies inhibit fatty acid and glucose oxidation in both preparations during fasting (3, 37) , and elevated pyruvate or lactate effectively competes with both fatty acids and glucose in both preparations as well (11, 24) . Although there is a good general agreement between in vivo studies and results from isolated hearts, the relevance of results in isolated tissues must be confirmed in vivo. From the current results, we anticipate that intravenously administered HP pyruvate may not provide the same quality images under conditions of hyperketonemia compared with control.
The nutritional state of the heart is not the only factor that affects substrate utilization, but the disease state will as well. Several studies have shown decreased H 13 CO 3 Ϫ production in a diseased state after administration of HP [1- 13 C]pyruvate (15, 32, 46 Furthermore, the potential toxicity of pyruvate must be considered. The metabolic consequences of high-dose pyruvate are likely to be complex in the heart, since the cytosol will become more oxidized (decreased NADH/NAD ϩ ) because of flux of pyruvate through lactate dehydrogenase. Pyruvate oxidation in the mitochondria will have the opposite effect, an increase in NADH/NAD ϩ . In spite of these metabolic effects, in the current experiments, there was no evidence for adverse hemodynamic events up to ϳ10 mM, and even at higher concentrations there was only a transient decrease in cardiac output and no change in developed pressure. It is not possible to extrapolate these data to in vivo conditions, especially in the setting of heart disease or depressed cardiac output, and the isolated heart model by definition excludes possible effects of pyruvate on the peripheral circulation. Nevertheless, these results are consistent with earlier studies that emphasized a role for pyruvate as a therapeutic agent. Typically, the target concentration was between 2 and 6 mM, but a significant cardioprotective effect was reported among patients exposed to a 10 mM pyruvate-fortified cardioplegia solution during coronary artery bypass surgery (35) . A preliminary conclusion is that a reasonable target concentration in the coronary arteries is 3-6 mM to suppress oxidation of competing substrates and that the heart may tolerate exposure to significantly higher concentrations.
These observations from 13 C isotopomer analysis of tissue extracts suggested that HP 13 CO 2 and H 13 CO 3 Ϫ should be readily observed in isolated hearts supplied with the same mixture of substrates. This anticipated result would be consistent with the finding by Golman and colleagues (13-15) that imaging of HP H 13 CO 3 Ϫ in the heart is feasible in vivo. Because the bolus dose of HP [1- 13 C]pyruvate was small in those studies (0.3 mmol/kg) compared with earlier studies of therapeutic pyruvate [0.9 mmol/kg (22) or 1.5 mmol/kg (56)], one might anticipate that the concentration of HP pyruvate was modest in the coronary arteries in those studies. Consequently, it was not anticipated that H 13 CO 3 Ϫ could not be detected from the isolated heart supplied with albumin and competing substrates. Because the concentration of pyruvate was clearly sufficient to provide much of the acetyl-CoA oxidized in the TCA cycle, this finding cannot be the result of simply inhibition of pyruvate oxidation by competing substrates. Two factors likely play a role.
Attenuation of the pyruvate signal (Fig. 6A ) in the presence of fatty acid-free albumin demonstrated that the longitudinal relaxation rate of pyruvate was significantly increased by albumin, an observation confirmed in separate experiments with graded concentrations of fatty acid-free albumin (Fig. 7) . The mechanism of the adverse effect of albumin on pyruvate T 1 has not been investigated extensively. Albumin has an affinity for numerous small molecules (41) . The albumin typically used in isolated tissue experiments is extensively processed with the specific objective of removing most of these ligands. In cardiac studies, albumin is generally used to deliver physiological long-chain fatty acids to the heart since these substrates are otherwise insoluble. However, these experiments illustrate that highly purified albumin may adversely affect experiments with HP pyruvate. Chatham and Forder (6) reported disappearance of the 1 H NMR signal of pyruvate with the addition of BSA, and Stepuro et al. (52) described an albumin-catalyzed exchange of pyruvate methyl protons with the solvent. These earlier experiments demonstrate that, under some conditions, pyruvate binds to albumin. The current results demonstrate that the magnitude of the effect of albumin on pyruvate T 1 is sensitive to the presence of albumin ligands. It is likely that the effect is less significant in vivo where numerous other ligands such as bilirubin, porphyrins, and metal ions are present, and it is conceivable that the concentration of fatty acids is often higher in vivo than used in the current study.
A second factor is the duration of exposure of the heart to high concentrations of pyruvate. A stepped but transient increase in [pyruvate] as would be expected from a bolus injection may produce a different set of metabolic conditions compared with a sustained change in concentration of pyruvate over 20 -30 min. Under the latter conditions, designed to produce metabolic steady state, fluxes through all reactions feeding the TCA cycle are fixed. Although the rate of phosphorylation-dephosphorylation of PDH is very rapid (21, 36) , the input function of a bolus of pyruvate may have a complex effect on the concentration of the injectate in the coronary arteries (1) and on fluxes through PDH during the first few seconds as the [pyruvate] changes.
Together, these experiments plus earlier studies with isolated hearts demonstrate that the appearance of HP 13 CO 2 and HP H 13 CO 3 Ϫ after exposure to HP [1-13 C]pyruvate is reduced by competing substrates and by exposure to albumin. Both effects are concentration dependent. These results suggest a conceptual framework for designing studies in isolated hearts with HP [1-
13 C]pyruvate. At low concentration of competing substrates, most of the CO 2 production will be the result of oxidation of pyruvate, and the rate of 13 CO 2 appearance will be near-maximal even at relatively low [pyruvate], ϳ3 mM. As the concentration of competing substrates increases or as the neurohumoral environment changes, the rate of CO 2 production from pyruvate will be reduced but can be recovered at higher [pyruvate] in the coronary arteries. Eventually, however, the delivery of high concentrations of pyruvate will be limited by practicalities such as osmolality or toxicity. Technical factors such as the effects of highly purified albumin on the T 1 of pyruvate must also be considered. In vivo, the effects of albumin are likely to be less significant, but the concentration of competing substrates will significantly influence the appearance of HP 13 CO 2 and HP H 13 CO 3 Ϫ .
